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This document describes the search for sterile neutrinos in the NOvA Far Detector through the
Neutral Current disappearance channel. It also explains the improvements being readied for the
2017 analysis.
I. INTRODUCTION
The majority of neutrino oscillation experiments have
obtained evidence for neutrino oscillations that are com-
patible with the three-flavor model. Explaining anoma-
lous results from short-baseline experiments, such as
LSND and MiniBooNE, in terms of neutrino oscillations
requires the existence of sterile neutrinos. The search
for sterile neutrino mixing conducted in NOvA uses the
Near Detector (ND) at Fermilab and Far Detector (FD)
in Minnesota. The signal for sterile neutrino oscillations
is a deficit of neutral-current neutrino interactions at the
FD with respect to the ND prediction. In this docu-
ment, a summary of the 2016 analysis [4] result and the
analysis improvements that we are implementing for fu-
ture NC sterile neutrino searches with NOvA are summa-
rized. These include: improved modeling of our detector
response; the inclusion of NC 2p2h interaction modeling;
implementing better energy reconstruction techniques;
and including possible oscillation due to sterile neutri-
nos in the ND. These improvements enable us to do a
simultaneous ND-FD shape fit of the NC energy spec-
trum covering a wider sterile mass range than previous
analyses.
II. STERILE NEUTRINOS
1. LSND Anomaly
Short-BaseLine (SBL) experiments such as LSND[1]
and MicroBooNE[2, 3] measured an excess of νe in νµ
∗
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beam in the vicinity of 1kmGeV . This can be interpreted as
a result of oscillation at a mass squared splitting 1 eV 2.
It is not consistent with the 3-flavor mass splittings ∆m221
and ∆m232. The presence of three ∆m
2 requires the ex-
istence of at least four neutrinos.
2. Sterile Neutrino
LEP measurements of the Z0 boson decay into neutri-
nos is consistent with only 3 active neutrino flavors. If a
fourth neutrino exists, it is either heavier than
M
z
0
2 , or
otherwise it does not participate in the weak interaction;
a Light Sterile Neutrino.
3. Tension in the sterile neutrino searches
There are many experiments that have studied the νe
appearance channel. These gave potential evidence for
the existence of light sterile neutrinos. At the same time
many experiments gave null results using νe appearance
channel and νµ disappearance channel. Figure 1 shows
the limit on mass and mixing from the combined analysis
of MINOS+, Daya Bay and Bugey-3.
III. NOvA EXPERIMENT
The NOvA experiment is designed to study the neu-
trino oscillation properties. It consists of a ND and FD,
which are functionally identical and 14.6 mrad off axis
from the Fermilab NuMI beam. The ND is 1 km away
from the the beam source. The ND and FD are separated
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FIG. 1. The combined 90% C.L. limit on sin
2
2θµe[5]. It ex-
cludes almost all of the 90% C.L. global allowed region.
by 809 km. The experiment is designed to operate in neu-
trino mode (using neutrino beam flux) and antineutrino
mode (using antineutrino beam flux). The long base-line
oscillation channels that studies in NOvA includes 1. νe
appearance, 2. νµ disappearance, 3. NC disappearance.
NOvA has the potential to measure the precise value of
neutrino mixing angles, determine neutrino mass hierar-
chy and can investigate the CP violation in the lepton
sector. It also has potential to provide constraints on
exotic phenomenon such as sterile neutrino oscillation.
IV. NC DISAPPEARANCE AT THE NOvA FD
The NC interactions are mediated by neutral Z0
bosons. In this type of interaction, neutrino leaves the
detector with reduced energy. NC interactions are dis-
tinct from the charged current (CC) interactions, in the
sense that they are devoid of a charged lepton. Only
a fraction of the event energy is deposited as hadronic
activity in the detector.
The basic method to search for active-sterile neutrino
oscillation in NOvA FD is looking for the depletion of
NC events compared to the predicted rate. Any differ-
ence between the ND data and simulation are accounted
for by the FD prediction technique. Here ND data is
extrapolated to the FD to make the prediction. Any fur-
ther data Monte Carlo simulation difference is absorbed
as systematic uncertainties.
In this analysis we adopt a minimal “3+1” extension of
three flavor neutrino model. Which adds ∆m241, θ14,θ24,
θ34,δ14 and δ24 to the 3 flavor parameters. NOvA is sen-
FIG. 2. NC depletion as a function of energy.
sitive to the measurement of the angles θ24,θ34 and |Uτ4|
and |Uµ4|. NC event depeletion as afunction of calori-
metric energy is shown in 2.
A. NC Event selection
A computer vision based particle identifier, the Con-
volutional Visual Network (CVN)[6] is used as primary
selector for NC signals. Selected events should be well
reconstructed, contained and in the fiducial volume of
the detector. Along with CVN, a specific set of selec-
tion cuts and a boosted decision tree are employed for
cosmic background rejection. Since the NOvA FD is at
the ground level, an average of 148 kHz of cosmic rays
are incident on the detector. So cosmic rays are a ma-
jor background at the FD. After applying all selection
criteria, in the FD(ND), we achieved a 50% (62%) NC
efficiency and (72 %) 70 % NC signal purity.
B. Extrapolating ND prediction to the FD
The process of predicting the FD Calorimetric energy
spectrum using ND energy spectrum can be summarized
as: ND data is separated into CC and NC events and
each component is extrapolated to FD by
NDData
FDMC
NDMC
= FDPred (1)
Where NDData is the ND data, FDPred is the FD pre-
diction and FD
MC
ND
MC is the ratio of FD and ND Monte
Carlo simulation. Oscillation weights are applied to each
FD predicted components. The extrapolated prediction
is compared with the FD data.
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FIG. 3. The Calorimetric Energy comparison of data and MC
predicted events at the FD for 6.05x10
20
POT equivalent.
C. NC Disappearance first analysis results.
We selected 95±9.7 NC candidates at FD, where as
the predicted events are 83.5±0.8(stat.)+10.9-7.2 (syst.). The
variable RNC is calculated as a model independent test
for active to sterile mixing.
RNC =
F data −∑F pred(bkg)
F pred(NC)
(2)
Here F data is the selected data at the FD. And∑
F pred(bkg) is the sum of the predictions of back-
grounds and F pred(NC) is the NC signal prediction at
the FD. The predicted quantities are calculated based
on the 3-flavor oscillation model. If NC disappearance
occurs RNC < 1. But we see RNC =1.19 ± 0.16(stat.)
+ 10 (syst.), which is a 1.03 sigma excess of NC events
consistent with standard 3-flavor oscillations. The mea-
surement is consistent with the 3-flavor oscillation model.
Using 3+1 model, we fit the data for θ24 and θ34 using
the same oscillation parameter values and uncertainties
as for the 3-flavor neutrino oscillation prediction. This
analysis has some sensitivity to δ24 . So this is profiled
over. Then the angle is determined by minimizing the
χ2. The 90% C.L limit values for θ24 < 20.8 and θ34
< 31.2 are obtained. This values can be converted into
respective matrix elements as |Uµ4|2 < 0.126 and |Uτ4|2
< 0.268 at the 90 % C.L.
V. IMPROVEMENTS FOR THE FUTURE
ANALYSES
A. Shape fit
The 2016 analysis was a counting experiment, which
compares the FD NC event rate with predicted rate and
fitted for the total event count. Improved modeling of the
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FIG. 4. Top: The 68% (dashed) and 90% (solid) Feldman-
Cousins non-excluded regions for mixing angles θ24 and θ34.
Bottom: The 68 % (dashed) and 90 % (solid) Feldman-
Cousins non-excluded regions for |Uµ4|2 and |Uτ4|2 assuming
cos
2
θ14 =1 in both cases.
Parm. NOvA SuperK MINOS IceCube
θ34 31.2
0
25.1
0
26.6
0
-
θ24 20.8
0
11.7
0
7.3
0
4.1
0
|Uµ4|2 0.126 0.041 0.016 0.005
|Uτ4|2 0.268 0.18 0.20 -
TABLE I. Comparing the 90 % C.L limit of NOvA first NC
disappearance analysis result with SuperK[8], MINOS[7] and
IceCube[9]. The limits are shown for ∆m
2
41 = 0.5 eV
2
for all
experiments
detector and the neutrino interaction cross-section will
enable for a shape fit. These improvements include, im-
proved detector modeling, more accurate threshold mod-
eling from data, Cherenkov light modeling and the im-
proved cross-section modeling of the NC events. In con-
trast to the rate fit, the shape information of the FD
spectrum is input to the shape fit.
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FIG. 5. The plot shows the change of the oscillation proba-
bility with different ∆m
2
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B. Visible energy correction
The signature of the NC event in the detector is
hadronic energy deposition. The remaining energy is car-
ried away by the out-going neutrino. The reconstructed
NC event energy is corrected by the single parameter
correction method.
C. Extending the mass square splitting range.
In the 2016 analysis, ∆m241 range was restricted to
between 0.05 eV 2 and 0.5 eV 2. In this range the analysis
is not sensitive to the oscillations which affect the rate in
the ND. This was because oscillations in the ND are not
considered. The addition of ND oscillation will enable
the analysis to expand the ∆m241 range.
VI. CONCLUSION
For the NC disappearance 2016 analysis, 6.69x1020
POT was collected at the FD. The 2017 analysis will
add 50% more data. The analysis improvements and in-
creased data will enable NOvA to set compititive limit
on the best-fit values of the θ34 and |Uτ4|2 within a few
years. An antineutrino run will also open new analysis
possibilities.
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